INTRODUCTION
Zirconia (ZrO 2 ) belongs to an important class of industrial ceramic materials for structural applications due to its mechanical performance [1] . The most structural engineering and biomedical applications utilize its tetragonal and cubic phases. The fact these phases are not stable at low temperatures requires zirconia doping with oxides such as Y 2 O 3 which stabilize these high-temperature phases at room temperature or at temperature in the human body. The stabilization effect is due to the oxygen vacancy concentration which originates from the introduction of Y 2 O 3 to ZrO 2 [2] . Another way of stabilizing the tetragonal structure at room temperature is the formation of nano-crystalline specimens in a sintered form [1] . The tetragonal phase is preferred when a high toughness is required. Within the field of dentistry Y 2 O 3 stabilized ZrO 2 is used as a base material for indirect restorations (i.e. crowns and bridges), for dental implants and implant abutments [3] . Y 2 O 3 stabilized ZrO 2 has a white appearance and can be colored easily which is, in contrast to metals, of an aesthetic advantage [4] . Also, its use allows CAD-CAM production of dental restorations [5] . However, the lifetime of widely used 3 mol.% yttria-stabilized tetragonal zirconia poly-crystals (3Y-TZP) for these biomedical applications is rather unknown and, is predominantly estimated on the basis of in vitro accelerated ageing experiments [6] . Here, the intraoral conditions during clinical use are poorly mimicked, resulting in a doubtful and questionable external validity. In fact, it is a major source of concern.
The structurally detrimental phase transformation due to spontaneous increase of the amount of the brittle monoclinic phase is known as low-temperature degradation (LTD) [7] , because this aging process of the material occurs at moderate temperatures below 400ºC. The influence of water or water vapor on this transformation was also studied, [8] . However, the kinetics, rate constants and other details such as the possible difference between the attack by water vapor and liquid water remain unknown. This study is aimed at determining in detail whether the currently used polycrystalline yttria-stabilized tetragonal zirconia (3Y-TZP) dental implant abutments are susceptible to LTD at temperature of human body in a clinical setting (i.e. screw retained to a titanium implant on the bone-side and bonded to a full crown on the oral side). A small surface area between the connecting parts was constantly in contact with the oral environment. The location of the EBSD analysis was chosen according to the assumed contact stress peaks inside the material (Fig. 1) .
In particular Electron Backscatter Diffraction is explored in the structural analysis of these phenomena since its resolution is of the order of 40-50 nanometers [9] . In addition, this method provides access to crystal orientation correlations, representation of texture and grain boundary character distributions via grain orientation maps. Samples of 3Y-TZP dental abutments were removed, after one year of clinical use, and examined on t-m transformation. Two types of zirconia sintered dental abutments were tested: Atlantis TM CAD-CAM designed and ZirDesign TM stock specimen, both from one and the same producer (DentsplySirona Implants, Mölndal, Sweden). Pristine, geometrically identical samples were conserved in a dry environment at room temperature for pairwise comparison. The amount of m-ZrO 2 phase was determined using electron backscatter diffraction (EBSD). Experimental methods to study phase transformations in ZrO 2 with a focus mainly on hip prostheses are summarized in [7] . Traditionally this type of study has been carried out using neutron diffraction and/or electron diffraction in a transmission electron microscopy (TEM). The most extensively used technique in literature is X-ray diffraction (XRD) [10] . The latter method is a fast and a nondestructive method, allowing the monitoring of LTD evolution on the same specimen. Nonetheless, XRD is limited as far as the lateral resolution is concerned and the typical spot size is of the order of millimeters. X-ray powder diffraction is best for identification of homogeneous and single-phase materials. It is also not very precise for a monoclinic phase content lower than 5%, making it not suitable for monitoring the onset of the transformation [7] .
EXPERIMENTAL METHODS
Four samples were retrieved from 4 patients who were treated for premolar replacement at the Center for Dentistry and Oral Hygiene of the University Medical Center Groningen; the Netherlands. These patients received a single crown on a dental implant. The dental abutments were used to connect the dental implants and the crowns. 2 types of dental abutments were used, standard stock abutments (ZirDesign) and individually computer aided designed and manufactured abutments (Atlantis). After one year of clinical use the dental abutments were replaced. The control group consists of 4 pristine dental abutments of the same types, with the same anatomy, preserved in a dry environment at room temperature during the same time as for clinical samples.
Sample preparation procedure for microstructural observations consists of filling the sample holes using conductive Demotec70 epoxy. After drying, the samples were fixed in conductive Cu based mold. Mechanical grinding with SiC 180 grade powder under water was used until the required cross section was exposed. Further grinding using Struers Piano 220 and 1200 magnetic disks was performed before lapping by 9, 6, 3 and 1 µm diamond particle suspensions (each about 5 minutes). Final polishing by Struers OPS silica suspension (40 nm) for 10 minutes was used to prepare surface of zirconia implants for EBSD observation.
EBSD microstructural characterization was conducted using a Philips XL30 FEG scanning electron microscope operated at standard high vacuum mode (5. equipped with TSL EDAX Electron Back Scatter Diffraction system containing DigiView 3 CCD camera.
In total sixteen scans were collected from each abutment sample. The specimens were embedded in such a way that the buccal and the lingual side of the implant abutment could be scanned. Because of the time-consuming scanning procedure, the following areas, shown in Fig. 1 were selected for EBSD scans: I. Contact point (CP) between the dental abutment and the dental implant, as this area is assumable the area of the highest stress concentration built-up during the service; II. Four areas at the interface along the dental implant (IF) in the apical direction, and III. Three areas (H) from contact point towards the axis of the dental implant. The CP were scans with size of 25 x 25 µm , containing about 290k points with distance of 50 nm between them. More than 99.8% points were successfully indexed during collection of EBSD map, but only points with probability of correct indexing higher than 85% are colored. All maps in Fig. 2 are combined with Image Quality (IQ) signal (pattern contrast map) represented by points brightness. From insets located at top right corners one may conclude that the IQ parameter is higher at the centers of t-ZrO 2 grains and decreases slightly at tetragonal phase grain boundaries but substantially inside monoclinic phase. Tetragonal grains have sub-micrometer size and monoclinic phase grains are even smaller. As Fig. 2 clearly demonstrates, the one year clinically tested Atlantis sample contains less than 1% of monoclinic phase whilst ZirDesign sample also after one year of clinical use shows more than 6% of monoclinic ZrO 2 phase. Detailed insets in phase maps in Fig.2 clearly demonstrate that t-ZrO 2 phase nucleates at grain boundaries and in triple points of tetragonal grains. Table 1 summarizes the average amounts of tetragonal phase detected in both type of samples and also make a comparison between the used and not used abutments. Averaging has been done over all 16 locations on two samples tested in each group. 95% confidence intervals of the mean are also indicated in Table 1 . It has to be noted that the main source of variance has been observed between two samples and not between different places of EBSD scans indicated in Fig. 1 .
Statistical testing rejected the hypothesis about the influence of 1 year clinical use of abutment on the amount of monoclinic phase for both type of materials. A negative result was also obtained when evaluating a hypothesis of the influence of a different place on the sample as regards the amount of observed monoclinic phase. Therefore, a general conclusion could be made that the amount of monoclinic phase does not increase in both type of tested abutments during one year of clinical use.
Nevertheless, a positive conclusion is that careful EBSD mapping could be used to measure a rather small amount of monoclinic phase in nano-crystalline 3Y-TZP dental abutments. An attempt to confirm this EBSD observed m-ZrO2 phase amounts in the same samples by standard XRD diffraction measurement according [10] , failed due to lack of sensitivity of detecting of monoclinic phase peaks in the diffraction spectrum.
However, from the results shown in Table 1 one may conclude that in general ZirDesign abutments contain more m-ZrO2 phase than Atlantis ones. However, all measured amounts of monoclinic phase in our experiment were far below the value when a degradation of mechanical properties is expected. The amount of monoclinic phase measured during accelerated hot steam test [10] , starts to exceed 10 vol% after a few hours at an increased temperature and authors suggested to use optical interferometry and atomic force microscopy accelerated hot steam test [10] , starts to exceed 10 vol% after a few hours at an increased temperature and authors suggested to use optical interferometry and atomic force microscopy for the detection of initial stage of transformation, when small amounts of monoclinic phase should be detected. Our results confirmed that EBSD is another appropriate method with an advantage of additional crystallographic information. Due to very careful sample preparation consisting of gradual grinding and polishing we do not expect that the detected monoclinic phase could develop during this procedure. bit larger dispersion in Atlantis material. The average size of monoclinic phase grains is only a fraction from the size of the tetragonal grains, which confirms the fact that monoclinic phase nucleates at grain boundaries and the triple junctions between tetragonal grains and propagates into them, as seen in the phase map insets in Fig. 2 . Smaller amounts of the monoclinic phase in Atlantis material could be related to its smaller grain size. It is known that a smaller grain size enhances the stability of the tetragonal phase [7] . The experimentally observed lack of increase of the amount of monoclinic phase in the specimens was indirectly confirmed by the fact, that also no substantial change of grain size distribution between used and not-used sample was found. An observable shift towards a smaller grain distribution was observed by EBSD on artificially aged ZrO2 samples in autoclave [12] , which is obvious when only a small part of tetragonal grain transforms to monoclinic form. Crystal orientation data collected during EBSD scanning allows a more detailed study of tetragonal to monoclinic phase transformation. A special distribution of misorientation angles between neighboring tetragonal and monoclinic grains was detected on all samples. Two special misorientation angles with a high presence rate were detected with maxima at 44.6 and 97.5 degrees, respectively. The right side of Fig. 3 shows a detailed part of the microstructure of ZirDesign sample. The phase map is combined with IQ map and grain boundaries are highlighted by colored lines.
General grain boundaries (>5º) are black, whereas grain boundaries with special angles mentioned above are marked by yellow and white color, respectively. Fig. 3 demonstrates clearly as it was observed on all four types of samples: almost every monoclinic ZrO2 grain has just one tetragonal ZrO 2 neighboring grain with the misorientation angle of 44.6 ± 1 or 97.5 ± 1 degrees. Assuming that a transformation from tetragonal to monoclinic phase occurred, a relation between parent and daughter grain becomes evident. Monoclinic grain grew mainly from triple junctions of t-ZrO 2 grain boundaries and proceeded into the parent t-ZrO 2 grain. where || means that directions or planes are parallel and || c denotes they are almost parallel. The average of small angle between [001] directions in the coupled tetragonal and monoclinic crystals were measured as 8.8º with standard deviation of 0.6º. This value is in agreement with the inclination of unit cell angle β from the perpendicular direction, being 99.215º for monoclinic ZrO 2 phase [13] .
However, for monoclinic and tetragonal parent-daughter crystal pairs with misorientation angle of 97.5º situation is more complicated and one of the following two different variants of ORs was detected: (100) m || (110) 
Simultaneous EBSD mapping observations of different crystal modifications inside an MgO stabilized zirconia particles embedded in steel matrix were already observed [14] . Unfortunately, no information about crystallographic orientation relationships between them has been provided. On the base of theoretically predicted possible orientation relationships between parent tetragonal and daughter monoclinic ZrO 2 phase [15] , Cayron et al. [16] , were able to reconstruct orientations of primary tetragonal grains inside the fully transformed monoclinic microstructure. Orientation relationships between parent tetragonal and daughter www.witpress.com, ISSN 1746-4471 (on-line) WIT Transactions on Engineering Sciences, Vol 116, © 2017 WIT Press monoclinic phase suggest that the transformation has a martensitic character although not only ORs predicted from simple lattice distortions [15] , were detected.
Finally the texture (preferred crystal orientation in the sample) detected in both type of dental abutments was examined in detail. The textures observed are shown in Fig. 5 for both types of abutments in the form of texture plots. A texture plot is a type of pole figure plot in which all detected crystal directions are shown in a single figure, i.e. in the form of local density of poles. Random texture should result in a uniform density of poles. On the contrary, texture plots of tetragonal ZrO2 grains shown in Fig. 5 are both characterized by a preferential orientation of the (001) plane normal parallel to the samples surface normal A3, which is in accordance to the tangential direction towards rotation axes symmetry of the dental abutment. This texture is slightly stronger in the ZirDesign sample, expressed by higher value (3.98) of multiples of uniform density 1 in (001) texture plot. This result is in contradiction with the recently published EBSD observations [17] , on commercial hipped dental 3Y-TZP ceramics, where no texture was reported. However, in comparison with our results (Fig. 2) a relatively low quality OIM map was presented in [17] , and no information is provided concerning the characterization of the tetragonal crystal phase used for indexing of the Kikuchi patterns. Because the authors did not mention any complexity with pseudo-symmetry during automatic indexing, we suspect that the cubic instead of tetragonal phase was used for indexing and therefore the preferential orientation of an elongated tetragonal axis c could not be detected. In comparison with our results also a larger average grain size has been observed on level of 500 nm.
In this study, we have clearly demonstrated that EBSD proves an experimental tool to bridge the gap between the very local information provided with transmission electron microscopy and the volume averaging information that results from X-ray diffraction. It is shown that EBSD is an efficient way to study zirconia-based materials for biomedical applications, their stability and phase transformations. A possibility to realize EBSD observations using low-vacuum scanning electron microscopes [18] , and the rapid scanning offered by the fast acquisition cameras [19] , allow EBSD mapping of zirconia without any deleterious charging effects. There are only a few studies in literature where the EBSD approach was used to study the microstructure of 3Y-TZP [12, [20] [21] [22] [23] . Often the drawbacks due to charging effects are circumvented by adding a thin carbon coating or by lowering the SEM voltage during OIM scan. In this study we have found that on a well (mechanically) polished surface of 3Y-TZP the combination of SEM voltage reduction (10 kV) and fast OIM scanning (>60 fps) could result in mapping areas large enough for nanostructured materials (more than 5000 grains). High quality of Kikuchi pattern allows reliably distinguish tetragonal and monoclinic ZrO 2 phase and also to study orientation relationship between them. However, complications due to pseudo-symmetry during automatic pattern indexing (similar as in [22] , [24] ) requires 90@<110> harmonization of grain orientation to obtain correct grain size distributions.
The fact that we did not observe an increasing concentration of monoclinic phase after one year of clinical test could be understood within the framework of long-time aging studies of tetragonal 3Y-TZP at temperature of human body [25] , [26] . The phenomenon of tetragonal to monoclinic transformation as detected by X-ray micro-diffraction and confirmed by SEM observations is considered being due to the surface exposed to humidity. After one year the transformed layer attains a thickness less than 1 µm. However, our sample preparation procedure does not allow examining areas very close to the outer surfaces exposed to the environmental conditions. Only 1-2 grains at the edge of our scans were directly exposed to the humid conditions and these are statistically less relevant in our observation. Our measurements are therefore more relevant for a characterization of bulk microstructure of dental abutments mainly after their production. However, importantly our measurements confirm that bulk characteristics of 3Y-TZP are not changed during one year of clinical function.
CONCLUSIONS
Electron backscatter diffraction in a scanning electron microscope has been used to study the stability of yttria-stabilized ZrO2 dental implants abutments that had functioned clinically for one year. The overall conclusion is that EBSD turns out to be an excellent method to study the stability of ZrO 2 dental implant abutments locally and to detect small amounts of the brittle m-ZrO 2 phase. Moreover details of the microstructural characteristics such as grain size distribution, tetragonal and monoclinic phase crystal orientation relationships and technological texture are provided.
As far as the details are concerned we conclude that the average grain size of the tetragonal phase in the pristine ZirDesign samples was larger than the average grain size of the tetragonal phase in the pristine Atlantis implant abutments, being both well below 500 nm. Texture has been detected in both types of Atlantis and ZirDesign abutments. The preferred orientation of tetragonal ZrO2 nanocrystalline grains is induced in the manufacturing steps during abutment fabrication.
An important finding is that none of the samples showed an increasing volume fraction of the monoclinic phase after one year of clinical use. All measured values were far below 25%, the critical value for catastrophic embrittlement. The lowest measured amount of monoclinic phase was 0.5 vol.% and the highest 8.8 vol.%. The pristine ZirDesign dental implant abutments showed a higher average volume percentage of the monoclinic phase (6.44 vol.%) than the Atlantis (1.16 vol.%) dental abutments. Also, the EBSD scans at different scan areas did not reveal more monoclinic phase at critical places with expected stress concentrations.
It is fair to say that a disadvantage of EBSD is the destructive character of sample preparation damaging both the dental abutment and the attached artificial crown. This precludes a direct comparison of the same sample before and after clinical use. Also the nonconductive nature of Y-TZP caused charging during the EBSD scanning at "standard" conditions. This means that one has to make scans of smaller areas and use relatively high frame collection rate. Reducing the SEM acceleration voltage is also important. The 25 x 25 µm 2 sized scans with 50 nm point spacing were possible without map distortion after reducing the acceleration voltage to 10 kV.
